Abstract-A theory of the statistical origin of soft and hard breakdown, that can explain a wide range of experimental data, is proposed. The theory is based on the simple premise that the severity of breakdown depends on the magnitude of the power dissipation through the sample-specific, statistically distributed percolation conductance, rather than on any physical difference between the traps involved. This model (a) establishes the connection between the statistical distribution of the theoretically predicted percolation conductance and the distribution of experimentally measured conductances after soft breakdown (Part I), and (b) explains the thickness, voltage, stress, and circuit configuration dependence of soft and hard breakdown (Part II). Connections to previous theories are made explicit, and contradictions to alternate models are resolved.
I. INTRODUCTION
W HEN stressed by an applied voltage, an oxide film loses its insulating properties in two stages [1] - [4] . First, in the wearout phase, traps are generated within the oxide that increase the leakage current through the film. Eventually, these traps complete a percolation path that bridges the two electrodes across the oxide. Various models, e.g., anode hole injection (AHI) theory [5] - [7] , hydrogen release model [8] , [9] , [35] , and electrochemical model [10] , etc., have been proposed to explain this wearout phase of oxide degradation. Then, once the percolation path is completed, the power dissipation through it controls the second stage of the breakdown transient (characterized by submicrosecond time-constants, segment I-II or segment I-III, see Fig. 1 ) which determines the postbreakdown conduction property of the oxide.
This second stage of oxide degradation for thinner oxides tested at lower voltages (soft) appears to be fundamentally different from breakdown for thicker oxides tested at higher voltages (hard) [2] , [12] - [17] . Hard breakdown is characterized by a large change in voltage or current during the breakdown transient and a postbreakdown current-voltage ( ) characteristic that is essentially ohmic (see Fig. 1 , long dashed line). Soft breakdown is detected by a much smaller change of voltage or current after breakdown and by postbreakdown characteristics which can be described by a power law (see Fig. 1 , short-dashed line). Although an impressive set of Manuscript received March 20, 2001 ; revised September 17, 2001 . The review of this paper was arranged by Editor G. Groeseneken.
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Publisher Item Identifier S 0018-9383(02)00821-3. data has been collected for soft-breakdown over the years [11] , [16] , [20] , and the possibility of using soft-broken oxides in circuits has been discussed [11] - [13] , a consistent theory of soft and hard breakdown that explains available experimental results is still lacking. To be useful for reliability projections and future oxide scaling, we must be able to translate the available data-collected from large area capacitors stressed at high voltages-to ultrasmall IC transistors operating at low voltages for oxides which are yet to be fabricated. Moreover, this scaling must be performed with an eye to the actual circuit conditions which may stress these oxides in some combination of constant voltage and constant current stress. The theory proposed in this paper is an effort to achieve these objectives.
In this paper, after the introduction, we propose a theory of breakdown transient (segment I-II or I-III, see Fig. 1 ) in Section II. This theory is based on two simple concepts: statistical distribution of the percolation conductance and the existence of a threshold power density . Section III discusses the concept of percolation conductance and its time evolution. Our conclusions regarding the statistical properties of are summarized in Section IV. The companion paper [34] will then analyze the consequences of the statistically-distributed percolation conductance and critical threshold power density in determining hard and soft breakdown as a function of capacitor area, oxide thickness, and stress conditions, establishing the scaling principles for reliability projections.
II. CIRCUIT MODEL FOR BREAKDOWN TRANSIENT
Consider an oxide capacitor stressed with a constant current stress (CCS) [or a constant voltage stress (CVS)], as shown in Fig. 2 . During the wearout phase, the current-flow from the electrodes is balanced by spatially uniform tunneling current through the oxide [which may include both direct or Fowler-Nordheim tunneling current as well as the stress-induced leakage current (SILC)]. Therefore, at time (the 0018-9383/02$17.00 © 2002 IEEE The conduction through the oxide can be represented by an equivalent circuit. For constant current stress, current source is attached to points -, for constant voltage stress, voltage source is attached to terminals -. and represent the capacitance and tunneling conductance of the capacitor. At breakdown, the percolation path with conductance is switched in (switch A), and power dissipation begins through the localized percolation spot. The power dissipation can be stopped by adjusting the compliance limit (which act as variable time delay switch B). (c) The power dissipation through the percolation path (solid line), which is time dependent, raises the temperature of the localized spot (dashed line) which may cause local melting and lead to hard breakdown. instant when the percolation path is completed defines the reference time )
where is the area of the capacitor, is the stress current density, and the is the tunneling current density through the oxide.
After the localized percolation path is completed at [schematically shown as a localized spot in Fig. 2(a) and is represented by a sudden closure of switch A in Fig. 2(b) ], significant current begins to flow through this high-conductance percolation path [11] , [17] . For constant current stress, the total current from the current source must remain constant at , therefore the applied voltage across the capacitor, , has to decrease as a function of time. For , can be as small as 3 (sample A) or as large at 8 (sample C), with different conductance. Note that these percolation paths were schematically represented by the white spot near the center of the oxide in Fig. 2(a) . The total number of traps at breakdown (the sum of the shaded and unshaded ones) for each sample is called the critical trap density which is obviously sample-specific.
The displacement current through the oxide depends on the rate of change in voltage, and on the oxide thickness , which includes the quantization and poly-depletion effects. For constant-voltage stress, the voltage source holds the voltage across the oxide constant at the point (see Fig. 2 ) so that . Therefore, need not be considered for constant voltage stress.
The third term on the right-hand side of (3), which describes the current through the percolation path is an area-independent, sample-specific [see Fig. 3 -each sample has different, statistically distributed conductance, hence the curly braces in (3)- (5)], time-dependent ( may change as power through the path changes with time) current. The exact analytical formula for -we use a power law form-is not important for our discussion, because we shall not analyze the physical mechanism underlying the nonlinear voltage dependence [18] - [21] , [32] of the percolation current. We shall adopt a simple nonlinear network of conductors (more on this in Section III) to parameterize this voltage dependence. Since in (3) is sample-specific, the power dissipation through the percolation path (6) will also vary from sample to sample. For constant voltage stress, , so that this power dissipation takes a simple form, i.e.,
The local temperature due to this power dissipation through the percolation path is obtained by solving the heat diffusion equation [22] (9) depends on heat capacity , density , specific thermal conductivity , of the oxide and of silicon surrounding the percolation spot, i.e., (10) where is the ambient temperature. If the thermal conductivities are relatively constant (they may depend weakly on doping), then for an oxide of a given thickness (11) Therefore, if the exceeds a certain critical power density for at least the duration of the thermal response time will be high enough to melt silicon near the percolation spot and allow it to flow through the oxide. This will cause an ohmic short-circuit across the oxide [23] , [25] , [30] . This, in our definition, is hard breakdown. However, if
, then the percolation path will be preserved even after breakdown (although leakage current through the oxide will increase). This is soft breakdown. Interestingly, since thermal resistances depend almost linearly on oxide thickness (see [22] , [31] , and [33] ), thinner oxides require higher to reach a given (see [34] ).
III. DISTRIBUTION OF PERCOLATION CONDUCTANCE
Since the assumption of the statistical distribution of the percolation current (or equivalently that of percolation conductance [see Fig. 3 ]) is central to the analysis of soft and hard breakdown [see (3)], we explore this concept in detail in this section. In Section III-A, we describe the techniques we used to determine the percolation conductance from theory and from experiment. We then compare (in Section III-B), as a function of thickness and of power dissipation, the theoretical predictions of percolation conductance with the statistical distribution of the postbreakdown conductance determined from measurements. We also see, in Section III-C, how percolation conductance evolves during the breakdown transient, and how it relates to the critical trap density (and indirectly to time-to-breakdown ) providing microscopic insight into the breakdown process. Our analysis also helps determine (see Section III-D) the upper limit for trap-diameter which is a critical, yet controversial parameter for predictive percolation models [24] , [26] , [27] . We find that nm.
A. Measurement Technique and Theoretical Model for Percolation Conductance
To determine the percolation conductance, we measure the postbreakdown characteristics for a large number of samples ( 100). The area of the capacitors is kept small so that the first breakdown, be it soft or hard, is easily detected by a large change in current . Moreover, we use a constant voltage source with a low compliance limit so that power dissipation through the percolation path is minimized, and the conductance of the virgin percolation path is preserved.
We then obtain and for each of the samples by fitting the measured sample-specific postbreakdown -characteristics (see Fig. 1 , short dashed line,) with a power-law (5) . The histogram of these conductivities gives us the experimentally determined probability distribution function (pdf). In the pdf, hard breakdown is characterized by (essentially ohmic conduction though the percolation path), and soft breakdown by . We must detect the first breakdown event, be it hard or soft, in analyzing the theory described above. If we continue stressing the oxide sufficiently long in constant voltage stress after the first breakdown, all oxides will eventually experience hard breakdown. These subsequent hard breakdowns will not be related to the initial distribution of percolation conductance and, therefore, cannot be described by the theory in this paper.
To determine the percolation conductance theoretically, we use a lattice-percolation algorithm [27] . A three-dimensional grid ( -representing the area, and representing the thickness direction) divides the oxides into many small cubes (see Fig. 4 ). Each trap is represented by a larger cube made of smaller units. This discretization of the larger trap into smaller cubes allows for partial overlap of the traps which is important for thin oxides. The traps are randomly generated until a connected path joins the top and bottom electrodes. The total number of traps created in the sample before breakdown (see Fig. 3 ) and a subset of these traps that contribute to the percolation path, are both determined from this percolation model. To compute the conductance of this path, we replace each side of the smaller cubes which make up the percolation path, with a nonlinear conductor , where and are the voltage across and current through the side of the smaller cube [21] . With across the oxide, we can now compute the the net conductance of these randomly configured percolation paths with as a ("hopping") parameter of these traps, i.e.,
. Both and the relevant overlap configuration comes from the percolation theory, but the "hopping parameter" must be determined empirically from measurement by comparing a predicted distribution of (last paragraph) with that of . Once is determined, the value is kept constant for all subsequent calculations involving different oxide thicknesses or stress conditions to make relative comparisons meaningful (of course, and will depend on oxide thickness and stress conditions). Obviously, this model does not explain the physical origin of the parameter and the reason power-law conductance exists in the first place-by definition the model presupposes the power-law form of the net conductance.
Before making a detailed comparison between the theory and measurement, it is important to understand how the trap configurations affect . Consider a model problem of computing the configuration phase-space of the traps in an oxide twice as thick as the trap diameter so that two traps can form a path across the oxide (see Fig. 4 ). Percolation paths for this oxide are dominated by vertical stacks ( -axis) involving just two traps-one on the top of the other , but having different degrees of overlap in the -plane (see inset of Fig. 4) . A reduction in overlap between the traps decreases conductance, but increases the number of possible instances of the particular geometrical configuration [28] . If the traps are perfectly aligned, the conductance is maximum, but only one such configuration exists (see Fig. 4 ). Four other configurations all have just four instances, while one other configuration, with traps touching each other halfway along the edge, has eight instances. While this analogy is simple-since traps are not cubes and may not have such specific discreteness-it does predict some general features of the expected distribution for percolation conductivity. Indeed, this simple model predicts (a) the ratio of to , (b) the asymmetry of the distribution profile, and (c) a distribution that can have discrete peaks. The peaks in this idealized distribution may be considerably broadened in practice (see Fig. 5 ), because the bonding configurations between traps may allow an increased number of discrete overlaps. Fig. 5(a) shows several key theoretical predictions based on detailed numerical calculation for the distribution of percolation conductivity as discussed in Section III-A. These predictions are then verified by the experimental data in Fig. 5(b) [14] . To construct each of these histograms, about 100 devices were tested, and their postbreakdown conductivities were noted and binned. As expected from the simple analysis discussed in the last paragraph of Section III-A, these distributions are fairly localized and asymmetric, the ratio of maximum to minimum conductivities (defined with
B. Distribution of Percolation Conductance: Theory Versus Experiment
) is approximately 5-10 [2], and the histograms for thinner oxides indeed show discreteness that disappears with increasing thickness (the sample is small, so the existence of discreteness at lower thickness is not conclusive). It is also clear from the experimental data that postbreakdown conductivity depends weakly on the thickness of the oxide. Such a systematic, albeit weak, dependence of the percolation conductance on thickness may require refinement of the ballistic quantum-point-contact model, which has been proposed, in [19] and [32] , as an explanation for the power-law behavior of the -characteristics. To further validate the percolation model discussed in Section III-A, we plot as a function of (Fig. 6 ). To determine and from the percolation theory, note that and with . Experimentally and are determined directly. The theory and experiment show remarkable similarities (see Fig. 6 ) regarding relative distributions: the conductivity-spread is about an order of magnitude, only a few breakdowns occur at very long times (and these long-lived oxides have neither the most nor the least conductivities), and rather surprisingly, there is no correlation between and . Fig. 6 also illustrates the expected one-to-many mapping between and ; even though the and the geometrical configurations of two samples may be different, they may still conspire to give identical percolation conductances.
C. Compliance Limit, Reconfiguration of the Percolation Path, and Power Threshold
We have noted in discussing (5) that percolation conductance is expected to change during the breakdown transient. Therefore, to preserve the nature of the percolation path just before the breakdown (which allows comparison with predictions from the percolation theory), we minimized the energy discharge during the breakdown transient (which can produce a temperature-induced reconfiguration) by using a low current compliance for the test setup [29] . The agreement between various experimental results and theory in Section III-B shows that this can indeed be a) is observed if a set of oxides is stressed first with low compliance and then, after breakdown, the stress is reapplied with higher compliance limit.
achieved. Interestingly, this technique of changing the amount of energy delivered to the percolation path by limiting the compliance [29] also allows us to probe the dynamics of reconfiguration [and, therefore, ] of the percolation paths during the breakdown transient (see Fig. 7 ).
We probe this dynamic reconfiguration in two ways-first, we take three sets of samples (each about 100 devices) and stress them with the same voltage but with a different compliance limit. Since setting the compliance limit is similar to setting the postbreakdown time-delay for opening the switch that connects the stress source to the device under test (see Fig. 2, switch B) , the subsequent conductance distribution will reflect the dynamic conductance distribution at the moment when the "switch was opened" (see Fig. 7 ). To ensure that these snap-shots of the conductivity distribution, taken from different sets of samples, actually correspond to the intrinsic time-dependent distribution, we can test another set of samples sequentially in the following way: first use a low compliance setup to interrupt the energy discharge at an early phase of the breakdown transient, note the corresponding conductivity distribution and then restress the same oxides with a larger compliance limit allowing for more energy discharge (similar to reclosing switch B of Fig. 2(b) and then reopening it), and then re-determine the conductivity profile. Since the distribution determined from both procedures shows similar profiles (see Fig. 7 ), we are assured that the measured conductivity actually reflects the dynamic conductivity of the samples, rather than any measurement artifacts. The broadening of the conductance distribution with the increase in the compliance limit reflects both the reconfigurations as well as the generation of new traps within the percolation path during the breakdown transient, i.e., . While we have used the compliance limit as a proxy for a time-delayed switch, one can also probe this transient distribution by changing the energy delivered to by changing the stress voltage , but keeping the compliance limit constant. In this case, increases with increasing voltage and Fig. 8 . Same data as in Fig. 7 replotted to determine the correlation between the low compliance conductivity and high compliance conductivity for each sample. No correlation is found.
changes the rate of new trap generation within the percolation path . Therefore, a given compliance limit, even with constant time delay, can provide snap-shots of different stages of the conductivity evolution.
Given this reconfiguration of the percolation conductivity distribution, it is interesting to consider whether or not this dynamic evolution preserves the sequence of conductivities [30] . In other words, will the oxide with the largest initial postbreakdown conductance have the largest conductance after further conductivity evolution? The sequential stressing method for determining conductance evolution [see Fig. 7 (b)], as described in the previous paragraph, does allow us to answer this question directly. In this measurement, oxides were biased with a constant voltage stress. For all these samples, we interrupt the energy discharge at the beginning of the breakdown transient so that the initial percolation paths are preserved (dark gray, Fig. 7(b); -axis, Fig. 8 ). Subsequently, the stress is reapplied with higher compliance so that the percolation paths experience full power dissipation (light gray, Fig. 7(b); -axis, Fig. 8 ). Remarkably, the initial distribution early in the breakdown transient is not correlated to the final distribution at the end of the breakdown transient. For a correlated distribution, the data points would have been clustered diagonally, not as randomly as shown in Fig. 8 . This means that as the conductance distribution begins to evolve within the breakdown transient, this evolution is determined not only by the initial itself, but also by the configuration of the defects that gave rise to that conductance. Since the conductance distribution and the trap configuration do not have a one-to-one relationship (see Fig. 6 ), the evolution of need not preserve the sequence. Predicting such a configuration-dependent change in conductivity (similar to electro-migration in metal lines?) is beyond the scope of the breakdown model presented in Section II. Therefore, we conclude that while we can safely describe the statistical evolution of the conductivity in probabilistic terms, we cannot trace the conductivity evolution deterministically for individual samples.
D. Implication for Percolation Trap Diameter
Before we conclude this section on the analysis of the percolation conductance, let us emphasize that the existence of a Fig. 9 . Distribution of normalized conductivities obtained from the percolation calculation for several ratios of to the defect size, . The width of the distribution decreases as the defect size becomes comparable to the oxide thickness. For defect sizes larger than twice the oxide thickness, a single defect can short-circuit the electrodes making the distribution nearly delta-distributed.
broad conductance distribution for 1.5-nm oxides requires that the trap diameter be smaller than 1.5 nm (for our simulation, nm). Indeed, if were greater than , especially if [27] , the percolation conductances would have been nearly delta-distributed with the conductance range given by (see Fig. 9 ),
. Such a localized conductivity distribution is not observed in Figs. 5-7, establishing that the trap diameter cannot exceed the oxide thickness . Contradicting this conclusion, however, one experimental paper (see [31] and [33] ) is often cited to support the claim that nm even for oxides with nm (i.e., ). 1 However, the data in [31] and [33] only requires that the number of weak spots with "almost-completed" percolation paths be about two orders of magnitude smaller than the areal density of traps which in the percolation model is defined as the average number of traps, per square cm, in a given layer of the oxide. The total number of almost-completed percolation paths (defined as those paths that require only one more trap to complete the bridge across the two electrodes), determines the number of weak spots at the point of breakdown. The ratio of weak spots to the areal density of traps, determined theoretically from the square lattice percolation model described in Section II and based on trap-diameter of nm, matches the results in [31] and [33] well (see Fig. 10 ). This agreement between theory and experiment, based on nm, makes it unnecessary to assume nm to interpret this experiment. Although only one experimental data point is shown, the main point here 1 In percolation models, the "size" of the traps is determined by requiring that the experimental Weibull slopes match the theoretical ones as a function of oxide thickness. If the trap generation is assumed linear, the predicted trap size is larger [27] ; and if the trap generation is assumed nonlinear, the predicted trap size is smaller [24] , [26] . The critical density of traps computed from the "linear" percolation model is generally smaller (due to the larger trap size) than the measured critical trap density. Therefore, the author in [27] assumes that two types of percolation paths exist: active ones which cause breakdown, and inactive ones which contribute only to SILC and causes local weak spots, but do not help oxide breakdown. In contrast, the "nonlinear" percolation model [26] , with smaller trap sizes, predicts critical trap densities comparable to experimentally measured ones and, therefore, does not distinguish between electrically active and electrically inactive percolation paths. Since both models can predict the with their respective trap sizes and scaling factors, the distribution of percolation conductances and an alternate explanation of the "weak spots" provide additional experimental information to distinguish between them. Fig. 10 . Calculation of the ratio of "almost completed" path (just lacking one more trap to complete the percolation path) to the areal trap density plotted as a function of dielectric thickness. The calculation is in agreement with [31] even though 0.8 nm is used as the trap diameter.
is that the theory and experiment both agree that the ratio must be within a few percent without having to assume that the trap diameter exceeds 3 nm.
IV. CONCLUSION
To summarize, we have shown through measurement and percolation calculation that the postbreakdown conductivity is area-independent, sample-specific, statistically distributed, and asymmetric, and that this conductivity changes systematically during breakdown transient. We have noted that while the distribution broadens as a function of time during the transient, indicating new trap generation, it does not do so sequentially. In other words, the number of new traps generated during the breakdown transient, depends on other factors (configuration, for example) in addition to the total number of traps in the sample initially. In addition, this systematic agreement between theory and experiment convinces us that the trap diameter must be less than 1.5 nm for the distribution to be as broad as seen experimentally. In the companion paper [34] , we shall use these properties of percolation conductance to study the scaling principles of soft and hard breakdown.
